Introduction
Magnesium (Mg) alloys have been the focus of rapidly growing interest as lightweight automotive materials in view of their excellent castability, high specific strength and low density. And Mg alloys are used in transport applications, such as in aircraft and automobiles construction [1] [2] [3] . Although mg alloys has the previosly mentioned advantanges, its weakness is that its surface property cannot withstand corrosion under circumstances of chloride containing solutions [4, 5] . For this reason, the unsatisfactory corrosion performance of Mg alloys has been a major obstacle to their further use in structural applications.
Some research results of surface modifcation by EDM had been reported by Yan [6] , researchers examined carbonization phenomenon on the EDM surface. They found that a carbonization layer was formed when using kerosene as the dielectric fluid. In another experiment, researchers used EDM with a green compact electrode of Al-Ti alloy to produce a modified layer that contained rich TiC on the machined surface.
Electric discharge machining (EDM) removes materials by vaporizing and melting caused by the high heat within the discharge column. Similar to EDM theory, WEDM has the same processing properties. High-speed wire electrical discharge machine (WEDM-HS) has become an important part of advanced manufacturing technology due to the advantage of high efficiency. Huang [7] found the surfaces of the steel specimens were alloyed with wire-electrode material in various degrees according to different cutting passes with WEDM. Alloying between wire-electrode and workpiece materials take place in the recast layer, and the passive anodic current density in the anodic polarization curves was decreased. But there are fewer reports on electric spark machining magnesium alloys. The purpose of this article is to integrate the element deposition and corrosion behavior on the magnesium alloys surface by WEDM-HS multi-cutting.
Experiment
Materials and working condition. The experimental material was widely used one of the industrial rolling of AZ91D magnesium alloys, and the chemical compositions of the alloys are given in Table 1 . The machine used in the experiment was the WEDM-HS of Jinma DK7732-type, the 2nd International Workshop on Materials Engineering and Computer Sciences (IWMECS 2015) working fluid was JR3A emulsion solution, a molybdenum wire-electrode with a diameter of 0.12mm, and the positive polarity machining mode was employed in this study. The operating parameters for rough-cutting process: The pulse duration was 11 μs, the pulse interval was 88 μs, power tube numbers at 2, Wire speed at 60 Hz, The operating parameters for multi-cutting process: The pulse duration was 1 μs, the pulse interval was 4 μs, power tube number at 1, Wire speed at 50 Hz. Feed depth of cut was increased 50 μm in multi-cutting process. AZ91D magnesium alloys were sliced into 3mm×10 mm×15 mm as samples, the operating parameters for cutting process are shown in Table 1 , and numbered of samples. After processing the samples soaked in kerosene for 5 minutes and removed debris with brush. And then all samples ultrasonically degreased in acetone for 5 min, followed by ultrasonication with ethanol for 5 min, and dried in hot air immediately. Surfaces test. Utilizing scanning electron microscope (JSM-6700F) described the microstructure of samples. Chemical composition of the cut surface was determined by energy-dispersive X-ray spectrometer (EDS). Hydrophobic property was tested by water contact angles. Electrochemical tests were performed by CS310 electrochemical workstation. A three-electrode configuration was employed in this electrochemical tests, the sample area was exposed 0.5 cm 2 as the working electrode, a platinum electrode as the counter electrode and a saturated calomel electrode as reference electrode. The samples were immersed in the 3.5 wt.% NaCl 18 ± 1℃ solution without stirring for 5 min allowed the open circuit potential (OCP) of samples reached to stable values. All experimental chemical reagents were analytically pure reagents, solution was deionized water. For polarization measurements, the potential was scanned with a scan rate of 0.5 mV/s. 
Results and discussions
Surface morphology and chemical composition. Fig. 1 displays the SEM microphotograph of WEDM-HS machined surface after different cutting passes. As shown in Fig. 1a , a rough and porous morphology can be observed on the rough machining surface. According to the rough cutting parameter, AZ91D material was removed with higher pulse duration and power tube numbers. The large erosion craters were left on the machined surface, and we can kwon that it has big surface roughness values. Because of the high discharge energy, the surface was seriously damage. Fig. 1b and Fig. 1c display the local magnification of rough cutting surface (Fig. 1a) . The typical defect of WEDM-HS surface micro-cracks and micro-pits are present in Fig. 1b and Fig. 1c respectively. Fig. 2 shows the EDS analysis results of the AZ91D matrix and WEDM-HS cut surfaces. A typical AZ91D matrix EDS analysis is shown in Fig. 2a , the main chemical elements of matrix were Mg and Al element. However, Carbon and oxygen of the foreign elements were observed after WEDM-HS cutting (Fig. 2b) . The elements of Mg and aluminum were significantly reduced in contrast to matrix. Therefore, we believe that it is possible to produce a carbon layer during processing. Generally, in the case of the emulsion as coolant, the cooling liquid is affected by high temperature in the discharge region, and became gas immediately. During the processing, the discharge of black carbon and other material coagulation attached on the processing surface, lead to the processing surface present dark color. Finally, due to the effect of cooling and solidification, causing carbonization layer formed on the material surface [8] . Fig. 2c and Fig. 2d respectively were the EDS analysis results on specific position A and B. Although the rough-cutting surface was seriously damage. In which elements carbon and oxygen were also detected in the bottom of micro-cracks and micro-pits. It indicates the carbonization to occur in infinitesimal area, or even nano level and smaller regions. Fig. 3(a) SEM micrograph of the multi-cutting sample, (b) the EDS analysis of multi-cutting sample Fig. 3a displays the SEM microphotograph of WEDM-HS machined surface after multi-cutting process. The craters size on the machined surface was obviously decreased compared with rough-cutting. Furthermore, the surface integrity was improved signally. At the same magnification, we found that there were fewer micro-cracks and micro-pits on multi-cutting surface. This phenomenon demonstrates that using multi-cutting process has a good consequence in surface integrity and quality, even though magnesium alloys has low density, low hardness, and other properties. It has good processing quality at the bottom of crater. Use narrow pulse interval to make crater overlap more, and the bottom area of crater was increased relatively in WEDM-HS machined surface. Fig. 3b presents the chemical elements analysis results of the multi-cutting surface. Comparison of chemical composition elements we found Mg element was decreased, and the oxygen element was increased slightly. During the multi-cutting process, AZ91D Mg alloys were exposed to air in a maximum extent, and dielectric fluid was relatively sufficient. Due to more fully oxidation as a result of high temperature involved in the process. It leads to a change of the elements of the machined surface. In addition, narrowing the pulse interval plays an important role in the carbonization process. Continuous discharge is contributed to the combination of the foreign elements and matrix material. To investigate the corrosion behaviour of AZ91D after carbonization, we used the Tafel polarization curves to evaluate corrosion resistance of the WEDM-HS multi-cutting surface. The Tafel curves of AZ91D with various treatments in the 3.5 wt.% NaCl solution are presented in Fig. 4 . Using the ground condition as the reference curve, WEDM specimens exhibited a significantly upward shift in curve. The corrosion potential increases from -1.523 V of the AZ91D matrix to -1.356 V of WEDM-HS machined surface. In the Tafel extrapolation method for measuring the Mg corrosion rate, the corrosion current density, i corr (mA/cm 2 ) is estimated by Tafel extrapolation of the polarization curve, and i corr is related to the average corrosion rate using [9, 10] : P i =22.85×i corr (1) the corresponding corrosion current densities obtained by Tafel fitting are 3.7×10 -5 A/cm 2 and 9.3×10 -4 A/cm 2 for WEDM-HS multi-cutting and AZ91D matrix, So the Pi of the WEDM-HS multi-cutting workpiece (8.45×10
-4 mm/y) decreases compared with the AZ91D matrix (2.12×10 -2 mm/y). These results indicate that the corrosion resistance was improved obviously after WEDM-HS multi-cutting.
Visible change in current density of the specimens could be attributed to carbonization layer. During the discharge machining process, it can be considered as an Electro-Chemical Machining. The potential of carbon is higher than that of magnesium, and the chemical properties of the oxide is more stable than matrix. As it is clear, the carbonization layer shows the good barrier properties for preventing Cl − and other harmful ions destroyed the surface. This is a reason for an increase in the corrosion resistance of the AZ91D magnesium alloys. Moreover, the results also may be attributed to the machined surface of conventional WEDM in which an amorphous layer caused by rapid cooling was generated to advance the corrosion resistance.
Summary
Compared with rough-cutting surface, WEDM-HS multi-cutting could obviously improve the surface integrity and decrease micro-cracks and micro-pits on machined surface. The carbon and oxygen of elements were deposited, and this result indicates that the carbonization layer was formed.
The results of the potentiodynamic polarization curves (Tafel) show that multi-cutting sample with the low corrosion current density. The carbonization layer acts as the barrier prevent Cl − and other harmful ions. That means that the corrosion resistance of the AZ91D was improved.
